(Received 31 October 1960)
To determine acid-phosphatase activities of liver homogenates, with phenyl phosphate as substrate, previous workers have usually adopted methods similar to the Robinson, Gutman & Gutman (1939) adaptation of the King & Arnstrong (1934) method for serum phosphatase (see, for example, Greenstein, 1942; Kochakian & Fox, 1944; AbulFadl & King, 1949; Goodlad & Mills, 1957) . However, results obtained by Tsuboi (1952) , in studies of the hydrolysis of phenyl phosphate by mouse-liver acid phosphatase, have indicated that the assay conditions of the Robinson et al. (1939) method, and of similar methods, allow only partial expression of the capacity of liver homogenate to hydrolyse phenyl phosphate in acid media.
In the present work, a re-examination has been made of the hydrolysis of phenyl phosphate by mouse-liver acid phosphatase and, although the results have differed from those of Tsuboi (1952) , it has been confirmed that the Robinson et al. (1939) procedure is unsuitable for quantitative measurement of liver acid-phosphatase activity. From the results of these studies a simple and rapid method for quantitative measurement of mouse-liver acid-phosphatase activity with phenyl phosphate has been developed.
MATERIALS AND METHODS
Experimental animals were normal, well-fed, adult male mice of mixed laboratory strains. Chemicals were of A.R. grade whenever possible. Spectrophotometric measurements were made on a Unicam spectrophotometer (SP. 500) and pH measurements on a model C pH electrometer (N. L. Jones, Melbourne). Enzyme assays and homogenate incubation were made at 370 with shaking racks fitted to a Braun model V rotary Warburg bath.
Phenol solution. A stock phenol soln.
(1 g./l.), prepared by dissolving distilled phenol in N-HCI, was standardized by iodometric titration (Cameron & White, 1940) . E2910 -E:20 and E2g, -E320 values, for mM-phenol in N-NaOH, were 2-46 and 1-89 respectively. Corresponding values of 2-45 and 1-92 were reported by Brawerman & Chargaff (1954) .
Phenyl phosphate. Commercial disodium phenyl phosphate was purified by the method of Tsuboi (1952) . Total phosphorus of product, 14-3 %; theoreticalforNa2C8H5PO4, 14-2%. Ethylenediaminetetra-acetate. The commercial disodium salt of ethylenediaminetetra-acetic acid (EDTA) was purified by the method of Blaedel & Knight (1954) .
Sulphydryl compoun&. p-Chloromercuribenzoic acid was prepared according to Whitmore & Woodward (1941) . Phenyl mercuric acetate was obtained from British Drug Houses Ltd., and o-iodosobenzoic acid from L. Light and Co. Ltd. Aqueous solutions of these compounds were prepared with minimal NaOH.
Fresh solutions of L-cysteine hydrochloride (British Drug Houses Ltd.) were adjusted to pH 5-9 before use.
Preparation of liver homogenates. Preliminary studies of the intracellular distribution of mouse-liver acid phosphatase, with phenyl phosphate as substrate, indicated that mitochondria contained unreactive enzyme (equivalent to approx. 40% of the total enzyme activity) and that suspension of the mitochondria in water led to activation of this bound enzyme. These results were in general agreement with those obtained by Berthet & de Duve (1951) in studies of the hydrolysis of fi-glycerophosphate by rat-liver acid phosphatase. Water homogenates were therefore used to measure total liver acid-phosphatase activity.
Freshly excised liver, freed from gall-bladder, was homogenized in previously boiled and cooled glass-distilled water in a Potter & Elvehjem (1936) King & Delory, 1939) was also used as buffer (pH 5.9) except as indicated in the text. Thus freshly prepared solutions of disodium phenyl phosphate were adjusted to pH 5 9 with HCI.
To tubes containing 5-0 ml. of buffered substrate solution (at 37°), samples of homogenate (0-5 ml.) were added and incubation was continued, with shaking, at 37°. Enzyme action was arrested by addition of 1 ml. of N-NaOH. In control tubes, homogenate was added after NaOH. All determinations were run in duplicate. Phenol values were determined from measurements of B at 320, 295 and 290 m,u (Brawerman & Chargaff, 1954) . This method of phenol measurement offered advantages over the colorimetric method of King & Armstrong (1934) in being simpler and in being free from interference by cysteine and by EDTA.
Measurements were also made of the inorganic orthophosphate released by phosphatase action on phenyl phosphate. After spectrophotometric measurement of phenol, 2*5 ml. of 30% trichloroacetic acid was added to each tube, the tube contents were centrifuged and inorganic phosphate in the supernatant was determined by the method of King (1932) . In all experiments (except in studies of the effects of inorganic phosphate and pyrophosphate on acid-phosphatase activity) phosphate values, corrected for inorganic phosphate in controls, agreed closely with values expected from phenol determinations. However, phosphate values were used only to confirm phenol values and are not reported in this paper.
Measurement of the acid-phosphatase activity of mouse blood indicated that, under the conditions used, blood in the preparations made negligible contributions to hydrolysis of phenyl phosphate by homogenates of mouse liver.
RESULTS

Optimum pH
The effect of pH on enzyme activity was determined in experiments in which liberated phenol was measured by reaction with Folin & Ciocalteu (1927) reagent (Cameron &; White, 1940) . A single well-defined peak of enzyme activity was obtained (Fig. 1) . The optimum pH range was subsequently confirmed in experiments in which phenol was measured by ultraviolet spectrophotometry (Brawerman & Chargaff, 1954) and in which inorganic phosphate was determined by the method of King (1932) .
Since the hydrolysis of phenyl phosphate tends to increase the pH of the solution (Sch0nheyder, 1952) , substrate solutions were subsequently adjusted to pH 5-9. Instability of liver acid phosphoase in dilute homogenates In the absence of substrate. In preliminary studies of the relationships between liver acid-phosphatase activity and incubation period it was observed that short incubation periods (5-10 min.) generally resulted in significantly higher activity values than were obtained with longer incubation periods. Since it appeared that these differences were due to enzyme inactivation during incubation at 370, the stability of liver acid phosphatase, in both the Fig. 1 . pH-Activity curve of phenyl phosphate hydrolysis by mouse-liver acid phosphatase. Reaction mixtures (5-5 ml.) contained 3-5 mg. of liver and 0-14m-sodium phenyl phosphate and were incubated for 5 min. at 37°. Buffers used: pH 34-45, 0-10m-sodium acetate-HCI; pH 4 86-4, 0-14m-disodium phenyl phosphate-HCl; pH 7-0-9-0, 0-10m-sodium veronal-HCl. Enzyme activity was arrested with 2-5 ml. of diluted (1:3) Folin & Ciocalteu (1927) reagent and phenol measured colorimetrically (Cameron & White, 1940) .
Vol. 80 155 absence and the presence of substrate, was examined. Dilute, untreated liver homogenate (0.6 %, w/v; pH 6.8) showed slow loss of enzyme activity when stored in an ice bath, and preincubation of the same homogenate at 370, with shaking, resulted in increased enzyme inactivation. Adjustment of the homogenate to pH 5-9, the pH of enzyme assay, caused a further increase in the rate of inactivation at 370 (Fig. 2) .
When adjustment of the pH of preincubated liver homogenate was made with sodium malonate-HCI buffer, pH 5-9, the rate of enzyme inactivation varied with malonate concentration. As shown in Fig. 3 , increasing the concentration of malonate in preincubated homogenate (1 hr. at 370) led to increased protection of enzyme until, at 0-15M-malonate, enzyme inactivation was completely prevented.
This effect was not due simply to increase in ion content since added NaCl (0.1 m) failed to influence enzyme inactivation in the presence of O-1M-sodium malonate-HCl buffer and marked variations in enzyme inactivation occurred in the presence of other buffer systems. Comparisons of the effects produced by sodium malonate-HCI, sodium citrate-HCI, sodium succinate-HCl, disodium EDTANaOH (pK3 of EDTA, 6-16; Martell & Calvin, 1952) and sodium acetate-HCI buffer systems (all 0-1 M, pH 5.9) showed that citrate was nearly as efficient as malonate in protecting acid phosphatase, that EDTA and succinate were noticeably less efficient than malonate and that acetate apparently had no protective action (Table 1) . In assessing the results of Table 1 , allowance was made for direct inhibition of enzyme activity by the tested buffers. With the fresh, buffered homogenates malonate was non-inhibitory whereas succinate caused 20 %, citrate 9 %, acetate 8 % and EDTA 6 % inhibition.
Possible participation of 02, in the process of enzyme inactivation, was indicated by the finding that enzyme inactivation was slightly reduced when N2 was used as gas phase (Table 1) . Addition of cysteine to preincubated homogenates also gave slight protection of enzyme (Table 1 ).
In the presence of 8ubstrate. Evidence of inactivation of acid phosphatase during incubation of liver homogenate with phenyl phosphate at 370 is presented in Fig. 4 .
With 0-15M-phenyl phosphate, and with the substrate as buffer (pH 5.9), 4 mg. of liver showed maximum enzyme activity during incubation for 10 min. and this activity was not influenced by the Preincubation time (min.) action on liver acid phosphatase, the presence of another protective system, such as malonate, is required when incubation periods longer than 10 min., or substrate concentrations less than 0-IM, are used.
Effect8 of ethylenediaminetetra-acetic acid and metal ion8
The results of studies of the effects of EDTA and selected metal ions on liver acid-phosphatase activity are presented in Table 2 . In these experiments, pH adjustments of substrate and disodium EDTA were made with acetic acid and enzyme action was arrested by addition of 1 ml. of NNaOH containing tetrasodium EDTA (0-325M). This was added to the NaOH to dissolve metal hydroxides and thereby reduce their interference in spectrophotometric determinations of phenol. As in previous experiments, phenol values were confirmed by measurements of the inorganic phosphate released by enzyme action on phenyl phosphate.
EDTA was not inhibitory and none of the metal ions tested stimulated phenyl phosphate hydrolysis. It therefore appears that metal ions are not required for enzyme activity. This is consistent with the previous observation of linearity between acid-phosphatase activity and quantity of liver in the absence of added metal ions.
Marked inhibition of phenyl phosphate hydrolysis was obtained with Hg2+, Cu2+, Ag+ and Fe3+ ions (0.1 mM). Inhibition by FeO+ ions was of special interest as it raised the possibility that enzyme inactivation in preincubated homogenates (Fig. 2) , and during incubation with substrate (Fig. 4) , was due to Fel+ ions contained in the homogenate. To test this possibility, comparisons were made of the effects of malonate, citrate and EDTA on enzyme inhibitions by Fe"+, Hg2+ and CU2+ ions (Table 3 ). The efficiencies of these organic compounds in preventing enzyme inhibition by Fe8+ ions closely paralleled their efficiencies in preventing enzyme inactivation in preincubated (Lineweaver & Burk, 1934) of hydrolysis of phenyl phosphate by mouse-liver acid phosphatase acting in the absence (0) and the presence (D) of 0-01 M-sodium phosphate. Reaction mixtures (5.5 ml.) contained 4 mg. of liver and 0 05M-sodium malonate and were incubated at pH 5 9 for 10 min. at 37°.
Values for reaction velocity (v) are expressed as ug. of phenol/10 min. 1935), fluoride (Belfanti et al. 1935 ; Goodlad & Mills, 1957) and tartrate (Goodlad & Mills, 1957) , inhibit liver acid-phosphatase activity. The effects of a number of different anions were tested under the assay conditions used in the present work (Table 5) . Under these conditions fluoride and arsenate (0-01 M) acted as strong inhibitors (approx. 60% inhibition). Phosphate, pyrophosphate and cyanide caused significant inhibition (20-30 %), whereas citrate, ,B-glycerophosphate, oxalate and tartrate had little effect. Determinations of enzyme activities in the presence of phosphate and pyrophosphate were based solely on measurements of phenol released.
Inhibition by inorganic phosphate was competitive. This is illustrated in Fig. 5 , in which experimental results have been recorded as doublereciprocal plots (Lineweaver & Burk, 1934) . In the experiments of Fig. 5 the enzyme reaction mixtures also contained 005M-malonate (pH 5.9). This ensured reliable values for enzyme activities over the substrate concentration range used (0-01-0.1OM) and eliminated the complicating factor of substrate protection of enzyme. Even in the presence of malonate, substrate concentrations of approximately 0-1 M were required for enzyme saturation. The Michaelis constant, calculated from 
DISCUSSION
The association of liver acid phosphatase with a special class of cytoplasmic granules, the lysosomes, has already been clearly demonstrated by de Duve, Pressman, Gianetto, Wattiaux & Appelmans (1955) in experiments with rat liver and with ,-glycerophosphate as substrate. It follows that, to obtain maximum values for liver acid-phosphatase activity, the selected method must ensure (a) complete liberation of active enzyme from intracellular particles, (b) prevention of enzyme inactivation in the preparation of liver homogenates, and (c) prevention of enzyme inactivation during incubation of homogenate sample with substrate. The Vol. 80 159 K. MACDONALD described method appears to satisfy these requirements and has led to higher values for mouse-liver acid-phosphatase activity than have been reported by previous workers (Kochakian & Fox, 1944; Tsuboi, 1952) . By virtue of this high enzyme activity, and the permissible dilution of liver homogenates for enzyme assays, the spectrophotometric procedure of Brawerman & Chargaff (1954) has been adopted for measurement of phenyl phosphate hydrolysis by liver homogenates.
In view of the sensitivity of liver acid phosphatase to Hg2+, Cu2+, Ag+ and Fe3+ ions (Table 2) and to p-chloromercuribenzoate, phenyl mercuric acetate and o-iodosobenzoate (Table 4) , it is concluded that liver acid phosphatase is a sulphydryl enzyme. In studies of acid phosphatases of other mammalian tissues,. namely erythrocytes and prostate, Abul-Fadl & King (1949) obtained evidence that these enzymes are sulphydryl enzymes and this conclusion has been confirmed by later studies of purified enzymes from these tissues (Tsuboi & Hudson, 1953 .
The apparent dependence of liver acid phosphatase upon sulphydryl groups may explain the enzyme inactivation which occurs in liver homogenate incubated at 370 either alone (Fig. 2) or with phenyl phosphate (Fig. 4) . The possibility that such inactivation is due to oxidation of sulphydryl groups is supported by the higher enzyme activity shown by liver homogenate preincubated with nitrogen as gas phase and in the presence of cysteine (Table 1) . Acid-phosphatase inactivation by proteolytic enzymes contained in homogenates appears unlikely in view of the short incubation periods (1 hr.) used in inactivation studies and in view of the protective actions of malonate and citrate (Figs. 3 and 4, and Martell & Calvin, 1952) . Inhibition of acid phosphatases of erythrocytes and prostate by added Fe3+ ions, in the presence of acetate buffer, pH 5-0, has been observed by Abul-Fadl & King (1949) and these authors have also shown that such inhibition is prevented by citrate buffer of the same pH. However, the lack of suitable methods for determining Fe3+ ion contents of liver homogenates at pH 5-9 has prevented further studies of the possible inactivation of liver acid phosphatase by such ions.
In these experiments, enzyme inactivation has also been prevented by phenyl phosphate concentrations of 0-1 M or greater. The protection of liver acid phosphatase by phenyl phosphate has been shown to vary with the concentration of phenyl phosphate used (Fig. 4) . The mechanism of phenyl phosphate protection is uncertain. Possible mechanismfs are (a) union between phenyl phosphate and sulphydryl groups of acid phosphatase and consequent prevention of their oxidation and (b) combination of phenyl phosphate with inactivating agent and prevention of enzyme inactivation by this agent.
Another important feature of phenyl phosphate concentration is that approximately 0-1 M-solutions are required for enzyme saturation with substrate. A similar observation has been made by Tsuboi (1952) . This concentration is much higher than that (5 mm) used by Robinson et al. (1939) and by the majority of workers with liver acid phosphatase.
The optimum pH for hydrolysis of phenyl phosphate by mouse-liver acid phosphatase is shown to be pH 5-9-6-1 (Fig. 1 ). This pH is higher than that (pH 4-9) used by Robinson et al. (1939) and by workers with liver acid phosphatase (e.g. pH 5-5, Tsuboi, 1952; pH 5-0, Abul-Fadl & King, 1949; pH 4-9, Kochakian & Fox, 1944; pH 4-6, Greenstein, 1942) , but is almost identical with that reported by Sch0nheyder (1952) for seminal acidphosphatase activity with phenyl phosphate. The possibility that the rate of inactivation of liver acid phosphatase varies with pH of incubation has not been examined in the present studies.
Inorganic phosphate acts as a competitive inhibitor of liver acid phosphatase. Inorganic phosphate behaves similarly in the hydrolysis of phenyl phosphate by seminal acid phosphatase (Sch0nheyder, 1952) . This property of inorganic phosphate, considered together with the nonspecificity of acid phosphatases, and the demonstration by Cohn (1949) 
